Abstract-To date, the efficacy of ablative technologies such as HIFU for the treatment of liver tumors in humans has been studied in animal models without tumors or in small animals like rats and rabbits with established tumors. Because of the small size of these animals, the lesion produced by HIFU devices has to be small. Thus, the local and systemic effects of the treatment as encountered in humans cannot be studied. The purpose of this study was to use an in vivo tumor-mimic model to evaluate the accuracy of HIFU ablation in the liver in preclinical studies. Tumor mimics were created in in vivo porcine livers by injecting a 1-cc warm mixture of agarose, cellulose, glycerol and methylene blue, which formed 1-cm hyperechoic discrete lesions on sonograms. Three studies were carried out: (i) in vitro experiments were conducted to study the acoustical proprieties of the tumor mimics; (ii) in vivo experiments were conducted in 10 pigs to evaluate the tolerance of the tumor mimics when injected in the liver; (iii) ultrasoundguided HIFU ablation was performed in 10 pigs to demonstrate that it is possible to treat a predetermined zone accurately. It was shown that the acoustical properties of tumor mimics are visible in sonograms and do not modify the shape and dimensions of HIFU lesions. The local and biological tolerance of tumor mimics was excellent. In addition, it was demonstrated that the average difference between the predetermined location of the HIFU ablation and the actual coagulated area was 32%. Therefore, this tumor mimic can be used to teach HIFU ablation before starting clinical studies, especially if the ultrasound device is to be used manually, as the one presented in this study was.
I. INTRODUCTION
To date, two approaches have been used to evaluate the treatment of liver tumors by High-Intensity Focused Ultrasound (HIFU): (i) Testing the effects of HIFU on real tumors and the liver-tumor models available are those in small animals (rats and rabbits); (ii) Testing the effects of HIFU on pig liver because it is an ideal animal for studying HIFU treatment, in view of its size and similar physiology to humans. In small animals, the size of the liver is too different of those in humans. Thus, the local and systemic effects of prolonged treatment and the effects of ablative treatment on liver tumors as encountered in humans cannot be studied. In addition, there is no established liver-tumor model in pigs and HIFU studies are generally performed on healthy animals. However, it is essential to study the accuracy of HIFU treatments on a localized zone as it was demonstrated that treatment margins all around a tumor reduce the recurrence rate [1] [2] . The difficulty in developing such a tumor model in pigs led us to alternative solutions. Ideally, a tumor model visible on sonogram would be well suited to evaluating the accuracy of HIFU treatment in treating a predetermined zone in the liver with treatment margins. In this study, we propose to use an injectable sonographic tumor mimic, as described by D.J. Scott et al. [3] in a study on radiofrequency ablation as a method for evaluating the accuracy of HIFU preclinical treatments. These tumor mimics are not expected to substitute real tumors but being used as a target, they could be excellent tools for assessing whether the position of the induced necrosis actually corresponds to the theoretical position of the HIFU ablation. To date, this model has never been studied acoustically, nor over long periods of time. Three studies were therefore conducted. First, several acoustical proprieties of tumor mimics were studied (attenuation, velocity of propagation and acoustic impedance) in order to verify whether they should induce modifications during HIFU treatments in liver tissue. Second, tumor mimics were injected in vivo in 10 pig livers and radiological, clinical, histological and biological monitoring of the pigs and the tumor mimics was performed to assess long-term (30 days) tolerance, feasibility and timeindependancy. Third, HIFU exposures were performed in vivo at a fixed distance (10 mm) from the tumor mimic to ensure that the ultrasound lesions were actually made at the theoretical position. Juxtaposed exposures on the tumor mimic were also performed to determine the feasibility of surrounding a targeted zone with a margin 10 mm wide.
II. MATERIALS AND METHODS

A. Acoustical parameters of tumor-mimics
This approach aims to check that the mimic model is suitable for carrying out in vivo studies in pig livers by comparing mimic-model acoustical parameters. Tumor mimics were prepared as described in [3] . A 5-MHz plane FrP2C2. 4 1-4244-0788-5/07/$20.00 ©2007 IEEEtransducer (8 × 14 mm) and a 0.4-mm needle-type hydrophone (PZT-Z44-0400, SEA) were used for transmission measurements. The acoustical parameters studied were attenuation, ultrasound propagation velocity in the tumor mimics and acoustic impedance. All measurements were made at room temperature.
The absolute pressure attenuation value of the tumor mimic and of a sample of pig liver was determined by calculating the ratio between the pressure measured with and without the material in a frequency band of 1 to 7.5 MHz with a step of 0.5 MHz. All measurements were repeated 10 times to ensure reproducibility of the results.
The ultrasound time of flight with and without tumor mimics was measured. Measurements were performed twice at 5 different frequencies (range: 1-5MHz) with a step of 1 MHz. The acoustic impedance of tumor mimics was then calculated after measuring the mass density.
B. Tolerance and time-independancy of tumor-mimics
This study was conducted on 10 pigs which were not involved in the next studies in order to evaluate solely the tolerance and the time-independancy of the tumor-mimics. HIFU exposures were not performed in this study not to influence the tolerance. Animals with an average weight of 23.2 ± 2.7 kg (19.6-27.3 kg) were used. All procedures were performed in the laboratory for experimental surgery (DSV 693880501) of the Centre Léon Bérard in Lyon (F-69008, France). Animal experiments were performed under an approved research protocol, in accordance with the World Medical Assembly Declaration of Helsinki. These experiments conformed to the requirements of the local office of animal experimentation and were in accordance with the legal conditions of the French National Commission on Animal Experimentation.
A 25-cm median laparotomy was carried out from the xiphoid process. Laparotomy was actually chosen in order to be able to compare the results of this study to the next study for evaluating the accuracy of HIFU treatments. A 12-MHz linear ultrasound imaging probe and a 7.5-MHz sectorial ultrasound imaging probe were used during this in vivo study. Each pig received a mean of 3.9 ± 0.3 (range: 3-5) intrahepatic injections of the warm mixture. This mixture is liquid at 65°C and solid at 37°C (liver temperature). The tumor mimic was injected, under ultrasound imaging control, into the liver using a syringe filled with viscous fluid at 65°C (between 0.5 and 1.5 mL). Liver movements caused by breathing were eliminated by maintaining pigs under apnea during injection. The tumor mimic hardened in the liver within one minute, producing a hyperechoic discrete lesion. Injections were considered successful if a discrete, homogeneous and hyperechoic tumor mimic of approximately 1 cm in diameter was created. Clinical follow-up included red blood cell count, liver enzymes, urea, creatinine and creatine kinase, and clotting tests.
The animals were euthanized on D0 (2 pigs), D4 (4 pigs), D8 (2 pigs), D15 (1 pig) and D30 (1 pig) after the injections. Euthanasia was performed under general anesthesia using an intravenous injection of 20 mL of potassium chloride at 10% and a complete hepatectomy was performed. Tumor mimics were removed and sectioned transversally and in the other two dimensions. Representative tumor mimics were stained using routine hematoxylin and eosin (H&E) methods for histopathological analysis.
C. Evaluating the accuracy of HIFU preclinical studies
This study was performed on a new set of 10 pigs. Animals with an average weight of 33.4 ± 2.3 kg (29.0-43.0 kg) were used and anesthetized as described previously. Thermal ablations were produced using an intraoperative HIFU probe (Fig. 1) operating at 3 MHz with integrated ultrasound imaging probe (7.5-MHz sectorial transducer). Eventually, this device was developed for human treatments. It is for use by hand intraoperatively in order to avoid, primarily, the difficulties induced by the ribs. A sterile envelope containing circulating cooling fluid (Ablasonic®, EDAP, France) makes it possible to prevent high temperature rises in the transducers during HIFU exposures. An interface enabled the user to visualize the focal point of the HIFU device (radius of curvature of 70 mm) on the ultrasound image, as well as on the tissues due to coagulate. A preliminary study determined optimal parameters for in vivo HIFU treatment in pig livers up to D30 using the HIFU device described above [4] . A first set of HIFU exposures were performed on 5 pigs after the injection of 5.2 ± 0.22 (range: 5.0-6.0) tumor mimics per animal. HIFU lesions were produced 10 mm from the border of the tumor mimics visualized on sonograms, in order to show that thermal ablation can be produced in the liver accurately without damaging tissue that must be preserved.
Treatment margins of 10 mm around the tumors are typically used in ablative techniques to reduce the recurrence rate. Therefore, another set of HIFU thermal ablations were performed on 5 pigs after the injection of 2.8 ± 0.4 (range: 2.0-4.0) tumor mimics per animal. To surround the tumor mimic with margins 10 mm wide, on average 9.2 ± 0.4 (range 9.0-12.0) juxtaposed HIFU lesions were performed. The probe displacements between each exposure were performed manually under ultrasound imaging control. A scan of the tumor mimic with the 2D ultrasound imaging probe enabled the detection of boundaries in all directions, and the focal zone of the first HIFU exposure was placed in the center of the tumor mimic.
At the end of the procedure, the liver was removed and sliced to inspect ultrasound effects visually. The theoretical distances displayed on sonograms between HIFU lesions and tumor mimics were compared to the measurements on samples. Each hepatic lesion was sectioned transversally and then sliced into samples 5 mm thick to determine if thermal damage was homogeneous. The dimensions of the necroses were measured using a caliper. The average difference between the predetermined location of the HIFU ablation and the actual coagulated area was quantified by calculating the percentage error between the theoretical distance (or margins) of 10 mm and the measurements on the samples.
III. RESULTS
A. Acoustical parameters of tumor-mimics
In the band frequency 1-7.5 MHz, the average attenuation of tumor mimics was non-linear and was interpolated by a power function. The correlation coefficient was 0.98. The log-log slope was 1.63 and the attenuation at 1 MHz was 0.41 dB.cm-1 (Fig. 2) . In healthy liver tissue, the log-log slope was 1.00 and the attenuation at 1 MHz was 0.68 dB.cm-1 [5] . 
B. Tolerance and time-independancy of tumor-mimics
Out of 44 injections, 39 (88%) were successful. A total of 5 injections failed due to injection into a blood vessel (two cases), injection into a bile duct (one case), failure of the fluid solution to produce a discrete lesion (one case), and the failure of the injection to appear on sonograms (one case). One pig died on D0 following a vena cava hemorrhage due to excessive traction on the liver not related to the injection. In total, 80% of the tumor mimics were homogeneous and ellipsoidal (Figs. 3a, 3b and 4b) . The local and biological tolerance of the treatment was excellent. Pigs recovered from the procedures within two hours of terminating anesthesia and resumed eating and normal behavior. Blood-test results were all normal up to D30. Histological analysis revealed no changes in healthy hepatic tissue beyond a 500 µm radius of the injected tumor mimic (Fig. 4a) . Ultrasound imaging (Fig. 4b ) and macroscopic analysis (Fig. 3) show no evidence of changes in the geometry of the tumor mimics throughout the 30 days of the study. On macroscopic samples, a discoloration was observed from D4. The dimensions of the injected tumor mimics were measured using ultrasound imaging by scanning their volumes and identifying the largest diameter. The other two diameters were then measured using orthogonal planes. On the sample, the tumors-mimics were measured following the three spacial dimensions. The average diameters on sonogram were compared to those on the samples (Fig. 5) . The mean values on D0 for the largest diameters and the other two orthogonal diameters of tumor mimics for 1-cc injections were 8.6 ± 2.5 mm (range: 2.6-20.0 mm). On D0, mean difference between ultrasound and macroscopic measurements were 8.7%.
C. Evaluating the accuracy of HIFU preclinical studies
The first set of HIFU exposures led to 26 HIFU lesions at a fixed distance from the tumor-mimic model (Fig. 6) . The average distances recorded between the tumor mimic and the center of the lesion in this series of exposures was 11.3 ± 1.0 mm (range: 8-14 mm). This shows the effectiveness of the tumor mimics and ultrasound imaging for guiding HIFU treatments, since the predetermined distance was 10 mm (average difference: 13%). In all, 14 HIFU lesions centered on tumor mimics were produced (Fig. 7) . The average longitudinal diameter was 23.0 ± 3.1 mm (range: 14.0-32.0 mm) and the average transversal diameter was 40.3 ± 6.4 mm (range: 19.0-58.0 mm). The margins around the mimic model were measured in all 3 dimensions; along the axial, orthogonal and longitudinal axes, these measurements were, 14.7 ± 5.5 mm (range: 1.0-39.0 mm), 5.7 ± 2.3 mm (range: 0.0-12.0 mm) and 6.4 ± 3.2 mm (range: 0.0-18.0 mm), respectively. During HIFU exposures, margins of treatment were harder to control along the orthogonal axe using a 2D imaging system. Overall, the average difference between the predetermined margins of treatment and the actual coagulated margins was 42%. Acoustical parameters in the tumor mimics were close to those in healthy liver tissue [6] and allow the use of this model as a target without inducing any significant modification of ultrasound propagation. The first in vivo study confirmed the feasibility and tolerance of injections. The products used to create the tumor-mimics were inexpensive. The method for embedding the tumor-mimics showed no evidence of complication which could forbid the possibility of transcutaneous injection. However, the aim of this study was to evaluate a specific device used manually and intraoperatively in order to avoid, primarily, the difficulties induced by the ribs. The tumor mimic formed a discrete lesion in hepatic tissue for at least 30 days. The tumor mimics' dimensions were well correlated between sonogram and macroscopic samples. Furthermore, the results of blood analyses performed throughout the study showed that tumor mimics were very well tolerated and therefore could be used as a reference target for evaluating the accuracy of preclinical studies on HIFU treatments without creating complications. The HIFU exposures performed at a distance from the tumor mimic showed that the targeting method was accurate. The differences between the predetermined position of the lesion and the actual location of the coagulated zone did not exceed 13%. However, the lesion volume created during one single exposure was not large enough to treat a 1-cc tumor mimic with margins of 10 mm in all directions. In liver tumor treatment, this margin was defined to prevent the risk of recurrence after treatment and increase the overall patient survival rate. In this study, it was demonstrated that it was possible to treat a predetermined zone with margins. The right location of the treated regions by HIFU was verify using tumor-mimics. However, the difference between the theoretical margins and the actual margins of treatment were significant. Indeed, some difficulties were encountered in ensuring that the total lesion (composed of multiple exposures) was completely homogeneous around the tumormimics, especially along the axe which is orthogonal to the 2D ultrasound image. The visualization of HIFU lesions on sonograms has to be improved to ensure that all tissue has been treated.
In conclusion, we have demonstrated that this tumormimic model was well tolerated in the long term (30 days) and has compatible acoustical parameters for evaluating preclinical HIFU treatment in in vivo liver tissue.
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